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OF THE LIGHTWEIGHT M2-Fl LIFTING BODY AT LOW SPEEDS 
By Harr ie t  J. Smith 
F l igh t  Research Center 
SUMMARY 
The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  and con t ro l  c h a r a c t e r i s t i c s  of t h e  
l ightweight  M2-Fl l i f t i n g  body' were inves t iga ted  during g l i d e  f l i g h t s .  
t o  f l i g h t  t e s t i n g ,  f u l l - s c a l e  wind-tunnel da t a  were used i n  both  a n a l y t i c a l  
and simulator s tud ie s  t o  p red ic t  t he  handling q u a l i t i e s  of t he  vehicle .  For 
t h e  g l i d e  t e s t s ,  t h e  vehic le  w a s  towed by a C-47 a i rp l ane  t o  an a l t i t u d e  of 
approximately 12,000 f e e t  ( 3,658 meters) and released.  S ides l ips ,  rudder- 
f i xed  a i l e r o n  rolls, and a i l e r o n  and rudder pulses  were performed during t h e  
g l i d e s  over a range of angle of a t t a c k  from -3" t o  13" (-0.05 t o  0.22 rad) and 
a t  v e l o c i t i e s  from 77 knots  t o  119 knots  (39.6 t o  61.2 meters/second) . 
P r i o r  
The W-Fl  configurat ion t e s t e d  w a s  found t o  be  s luggish i n  r o l l  as a 
r e s u l t  of t h e  combination of high d ihedra l  e f f e c t  and adverse yaw produced by 
t h e  a i l e rons .  The high d ihedra l  e f f e c t  a l s o  caused t h e  vehicle  t o  be 
extremely sens i t i ve  t o  gus t s .  Based on previous s tandards f o r  evaluat ing t h e  
handling q u a l i t i e s  of p i lo t ed  f igh ter - type  a i r c r a f t ,  t h e  M2-Fl c o n t r o l l a b i l i t y  
i n  r o l l  would be considered marginal, p r imar i ly  because t h e  a i l e rons  a r e  not  
e f f e c t i v e  enough t o  counteract  t he  dis turbances caused by  gus ts .  For t h e  
l imi ted  mission u t i l i z a t i o n  of a reent ry  vehicle,  however, t h e  p i l o t s  consid- 
ered the  handling q u a l i t i e s  of t he  vehicle  t o  be adequate. 
INTRODUCTION 
With the  increas ing  i n t e r e s t  i n  space t r a v e l ,  considerable  e f f o r t  i s  
being devoted t o  developing a r een t ry  vehicle  t h a t  would combine some of t h e  
design and opera t iona l  s impl i c i ty  of a capsule wi th  t h e  mission f l e x i b i l i t y  
of a l i f t i n g  vehicle .  I n  support of t h i s  e f f o r t ,  t h e  National Aeronautics 
and Space Administration i s  inves t iga t ing  seve ra l  l i f t ing-body shapes. 
To r e a l i z e  f u l l y  t h e  advantages t h a t  are t o  be  gained from the  l i f t i ng  
c a p a b i l i t y  of a vehicle ,  t h e  vehicle  must be capable of being maneuvered, 
e spec ia l ly  during e n t r y  and landing. Therefore, t h e  s t a b i l i t y  and con t ro l  
c h a r a c t e r i s t i c s  are important i n  the  development of l i f t i n g  r een t ry  vehicles .  
Although much can be learned from wind-tunnel and s imulator  s tud ies ,  only 
through a c t u a l  f l i g h t  t e s t i n g  can t h i s  new c l a s s  of vehic les  be adequately 
evaluated. For t h i s  purpose, a l ightweight  g l i d e  vehic le  w a s  b u i l t  f o r  
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testing at the NASA Flight Research Center, Edwards, Calif., to assess han- 
dling qualities and performance. The E-Fl configuration was chosen for the 
tests primarily because of the availability of extensive wind-tunnel data at 
the start of the program. Since this flight vehicle was the first of its type, 
full-scale wind-tunnel tests were deemed advisable. Consequently, the flight 
vehicle was tested in the 40- by 80-foot tunnel at the NASA Ames Research 
Center prior to the flight tests. 
After some initial flights for pilot familiarization, in which the vehi- 
cle was towed by an auto, the W-Fl was towed by a C-47 airplane to an alti- 
tude of about 12,000 feet (3,658 meters) . 
data were obtained during the glide portion of the flight, which covered a 
velocity range from 77 knots to 119 knots (39.6 to 61.2 meters/second) and an 
angle-of-attack range from -3" to 13" (-0.05 to 0.22 rad). This paper summa- 
rizes the lateral-directional stability and control characteristics investi- 
gated during the flight tests and compares some wind-tunnel data with the 
flight values. Performance data from the tests are reported in reference 1. 
After release, stability and control 
SYMBOLS 
The units used for the physical quantities in this paper are given both 
in the U.S. Customary Units and in the International System of Units (SI). 
Factors relating the two systems are given in reference 2. 
transverse acceleration, g "Y 
b body span, feet (meters) 
Cl rolling-moment coefficient, positive right 
Cn yawing-moment coefficient, positive right 
CY lateral-force coefficient, positive right 
g acceleration due to gravity, feet/second2 ( meters/second2) 




moment of inertia about lateral axis, slug-foot2 ( kilogram-meter2) 
moment of inertia about normal axis, slug-foot2 ( kilogram-meter2) 
Ixz product of inertia, slug-f oot2 ( kilogram-meter2) 
P period, seconds 
P rolling angular velocity, radians/second 
2 
pitching angular velocity, radians/second 
dynamic pressure, pounds/foot2 ( newtons/meter2) 
yawing angular velocity, radians/second 
planform area, foot2 (meter21 
time, seconds 
true airspeed, knots (meters/second) 
weight, pounds (kilograms) 
angle of attack, degrees (radians) 
angle of attack with respect to the principal axis, degrees (radians) 
angle of sideslip, degrees (radians) 
control-surface deflection, degrees (radians) 
lateral-control deflection, 
elevon deflection, positive trailing edge down, degrees (radians) 
trailing-edge-flap deflection, positive trailing edge down, degrees 
&left - &right, degrees ( radians) 
( radians) 
rudder deflection, positive trailing edge left, degrees (radians) 
damping ratio 
bank angle, degrees (radians) 
numerator of the transfer function for control of roll rate 
static-stability parameter for the short-period (Dutch roll) 
lateral-directional mode 
dC 7 
per radian - 
c+3 - ag 
per radian dC2 
d6r C16, = -
3 
per radian c = -  dCn 
n@ a@ 
per radian c = -  n8a d6a 
dCn 
per radian d C Y  - -  cy@ - dg 
per radian d C Y  - -   cy6a d6, 
per radian - d C Y  - -  y6r d6, C 
SSbC 2 
2 L =  ' per second 
B I X  
CSbC 
- ' Ea 
I X  
2 per second LEa - 
CSbC 
- n6a 
I Z  
2 per second N6, - 
A dot above a symbol denotes differentiation with respect to time. 
D E S C R I P T I O N  OF VEHICLE 
The m-Fl lifting body is basically a blunt 13" (0.22 rad) half-cone with 
a tapered afterbody (refs. 3 to 9). 
given in table I, and a three-view drawing is shown in figure 1. The vehicle 
is unpowered and is towed to altitude and released for flight testing. 
small solid-propellant rocket provides assistance at landing, when necessary. 
Pertinent geometric characteristics are 
A 
The hull of the lightweight W-Fl vehicle was constructed of 3/32-inch 
(0.2 centimeter) mahogany plywood and the frame of welded steel tubing. 
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The 
main-gear shock and strut units incorporate a viscous damper and bungee com- 
bination. The main-wheel and nose-gear assemblies are modified light-aircraft 
units. The vertical fins, rudders, and elevons were constructed of aluminum 
sheet and the trailing-edge flaps of aluminum tubing, covered with a synthetic 
fabric. A more detailed description of the vehicle is presented in refer- 
ence 1, and a photograph is shown in figure 2. 
At the time the vehicle was constructed, a detailed breakdown of the mass 
distribution was made and the moments of inertia were calculated. These 
inertias, which were for an 840-pound vehicle (381 kilograms), are given in 
table I. Most of the preliminary analysis was based on this weight. Subse- 
quently, instrumentation, an ejection seat, and a small solid-propellant 
landing-assist rocket were added, resulting in a vehicle weight of 1182 pounds 
(536.2 kilograms). The contribution of these added items to the moments of 
inertia were estimated, and the resulting values are given also in table I. 
These values were used in the determination of the derivatives from flight 
data. 
During this investigation, three control systems were considered. Sche- 
matic drawings of the systems are shown in figure 3. In the scheme illustrated 
in figure 3(a), both the trailing-edge surfaces (flaps) and the outboard sur- 
faces (elevons) were connected to the control stick and used together for 
lateral control. The second scheme (fig. 3(b)) utilized only the outboard 
elevons for lateral control. In both of these schemes, longitudinal control 
was obtained from both pairs of surfaces, and both rudder surfaces were con- 
nected to foot pedals in a conventional manner for directional control. For 
clarity, the rudder system was omitted from the drawings. The control scheme 
illustrated in figure 3(c) is unconventional in that the rudders were connec- 
ted to the control stick and were used as the primary roll control. Both the 
trailing-edge flaps and the outboard elevons were connected to the foot pedals 
and were used for directional control. Longitudinal control was achieved, as 
before, with both elevons and flaps. 
The flight tests discussed herein were made using the control scheme 
illustrated in figure 3(b) in which only the elevons were used for lateral 
control. 
INSTRUMENTATION 
Quantities pertinent to this investigation were measured with standard 
NASA instrumentation. 
records. 
(1.37 meters) long measured both total and static pressure. 
calibrated by a pacer aircraft and is believed to be accurate to within 
+1 knot (kO.5 meter/second) . 
A common timer was used to synchronize the internal 
An airspeed head mounted on a nose boom approximately 4 1/2 feet 
The airspeed was 
Angles of attack and sideslip were measured by vanes mounted on the nose 
boom and recorded on a 12-channel oscillograph. 
brated in the Ames 40- by 80-foot wind tunnel. 
Both quantities were cali- 
The angle of attack was also 
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calibrated in flight, which confirmed the wind-tunnel calibration. In addi- 
tion, corrections were made f o r  angular velocities for both angle of sideslip 
and angle of attack. The overall accuracy of these quantities for this inves- 
tigation was approximately 51" (kO.02 rad). 
The approximate errors in the other quantities within the range where 
data were obtained were: 
6, = A0.3 " (20.01 rad) 
6f = 50.3" (rfrO.01 rad) 
6, = 22.0" (_+O.O3 rad) 
q = k0.02 rad/sec 
r = 50.02 rad/sec 
p = k0.04 rad/sec 
ay = +O.O?g 
PRELIMINARY ANALYSIS 
Prior to the flight-test program, the M2-Fl was tested in the Ames 40- by 
80-foot wind tunnel over an angle-of-attack range from 0' to 22O (0.38 rad) at 
airspeeds of 57 knots, 70 knots, and 85 knots (29.3, 37, and 43.7 ,/see). 
Data were obtained with the center fin and the elevons both on and off. The 
results are shown in figures &(a) to 4(c). Figure &(a) shows the full-scale 
aileron derivatives for two control configurations with the center fin off. 
The elevon-only data were obtained by subtracting the elevon-off data from 
the data obtained with both the flaps and the elevons and, hence, are only 
approximate. The effect of the center fin is shown for the configuration with 
both flaps and elevons. Rudder derivatives and sideslip derivatives obtained 
with the center fin on and the center fin off are shown in figures 4(b) and 
4( e), respectively. For comparison, small-scale data obtained on a 37-inch 
model (0.9 meter) are also included in all three figures for the center-fin- 
on configuration with both flaps and elevons used for ailerons. 
It was discovered later that the instrumentation used in the full-scale 
tests was not accurate enough to obtain reliable data at low dynamic pressures. 
Errors as large as 50 percent were determined for the side-force measurements 
and, since side force enters into the rolling- and yawing-moment calculations, 
these values would also be affected. However, the basic stability data shown 
in figure 4 agree fairly well with previous small-scale-model data. Converse- 
ly, considerable differences are noted in the control derivatives, but it is 
not certain how much of the discrepancy should be attributed to wind-tunnel 
error and how much to differences between the models and the actual vehicle. 
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Thus, t h e  da t a  were used without cor rec t ion  f o r  t h e  preliminary p r e f l i g h t  
a n a l y t i c a l  and simulator s tud ie s  of t he  handling q u a l i t i e s  needed t o  plan and 
conduct t he  f l i g h t  program. 
Center Fin 
Because t h e  ava i lab le  d a t a  ind ica ted  t h a t  the s t a b i l i t y  of t he  W-Fl 
would be marginal, a l a rge  center  f i n  w a s  provided t o  increase the  d i r e c t i o n a l  
s t a b i l i t y .  Because of t he  opera t iona l  problems t h a t  might be encountered 
i n  fu tu re  vehicle  appl icat ions,  preliminary s tudies  were d i r ec t ed  toward 
f inding a s u i t a b l e  configurat ion with the  center  f i n  removed. Wind-tunnel 
t e s t s  were conducted, therefore ,  both with and without t h e  center  f i n .  Com- 
puted Dutch roll periods and damping r a t i o s  f o r  t he  two configurat ions a r e  
shown i n  f igu re  5 ,  Although t h e  vehicle  i s  s t a b l e  without t he  cen te r  f i n ,  t h e  
damping i s  l e s s  i n  t h i s  configurat ion.  Thus, t h e  f i r s t  ground tow t e s t s  were 
made i n  the  fin-on configurat ion.  
Control Response 
One of t he  problems encountered i n  t he  ea r ly  s tud ie s  w a s  t h a t  of obtaining 
adequate r o l l  cont ro l .  Several  con t ro l  schemes were inves t iga ted  on t h e  simu- 
l a t o r  i n  an attempt t o  f i n d  a p r a c t i c a l  solut ion;  t h ree  of t he  schemes were 
described on page 5 .  T i m e  h i s t o r i e s  of t he  responses t o  l a t e r a l  con t ro l - s t i ck  
s t e p  inputs  are shown i n  f igures  6(a) t o  6 ( c )  f o r  t h e  th ree  con t ro l  systems 
i l l u s t r a t e d  i n  f igu res  3(a) t o  3 ( c ) ,  respect ively.  I n  t h e  f i rs t  t i m e  h i s t o r y  
( f i g .  6 ( a ) ) ,  t he  ro l l - con t ro l  input  produced an adverse yawing moment which, 
because of t he  l a rge  d ihedra l  e f f ec t ,  r e su l t ed  i n  a very sluggish l a t e r a l -  
cont ro l  response. The response from t h e  outboard surfaces  only i s  shown i n  
f igu re  6 ( b ) .  From an examination of t h e  der iva t ives  shown i n  f igu re  4, it 
can be  seen t h a t ,  although t h e  r o l l i n g  moment due t o  a i l e r o n  i s  approximately 
one-half t h a t  when both surfaces  are used, t h e  yawing moment i s  e s s e n t i a l l y  
eliminated. The r e s u l t ,  as shown, i s  a ne t  increase i n  roll response. 
During e a r l y  simulator s tud ie s  of various cont ro l  combinations, it w a s  
observed t h a t  t he  rudders, due t o  the  Large d ihedra l  e f f e c t  of t h e  vehicle ,  
ac ted  as a powerful roll cont ro l .  
d ihedra l  e f f e c t  p lus  negative Cn were cause f o r  a s luggish ro l l - con t ro l  
Whereas, with t h e  a i l e rons  t h i s  l a rge  
6a 
C 
w a s  l a rge  enough t o  cause a rap id  n% system, with t h e  rudder, t h e  r a t i o  -
roll reversal. This phenomenon i s  i l l u s t r a t e d  i n  f igure  6 ( c ) .  A s l i g h t  delay 
occurs just  before the  reversa l ,  b u t  on t h e  simulator t h e  delay w a s  b a r e l y  
not iceable  t o  t h e  p i l o t s .  The p i l o t s  preferred t o  use t h e  rudders as t h e  p r i -  
mary r o l l  cont ro l .  The f i rs t  f l i g h t  t e s t s ,  therefore ,  w e r e  made with t h e  
rudders connected t o  t h e  con t ro l  s t i c k  fo r  r o l l  cont ro l .  The four  a i l e r o n  
surfaces  appeared t o  provide an acceptable y a w  con t ro l  and, thus,  were con- 




Characteristics of the Vehicle on Tow 
Experience with vehicles on tow had indicated that towing the M2-Fl might 
pose serious problems. Therefore, both analytical and simulator studies 
included an investigation of the stability and control characteristics of the 
vehicle on tow. Unlike most vehicles which are less stable on tow than in free 
flight, the M2-Fl was predicted to be more stable when being towed. 
Car Tows 
Flight testing of the lightweight M2-Fl with the center fin installed 
began with a series of car tows to familiarize the pilot with the vehicle's 
overall handling qualities. The vehicle was not instrumented for these first 
tests. The first few attempts to fly were unsuccessful, primarily because of 
the turbulence created by the tow car. The vehicle bounced from side to side 
and was rarely airborne for more than a second. The pilot reported that the 
vehicle appeared to be unstable in the Dutch roll mode, contrary to the results 
of both the analytical and the simulator studies. Movies were taken of the 
flights, and examination of the vehicle motions on a data analyzer revealed 
that the oscillations were sustained by pilot input and contact of the landing 
gear with the ground. The control-system hookup (rudder surfaces for r o l l )  
contributed to the piloting problem because of the initial acceleration in the 
opposite direction. Although this initial opposite acceleration was evident 
in the simulator outputs, the pilot did not believe it to be serious. Inasmuch 
as a fixed-base simulator was used for this study, the pilot did not feel the 
acceleration but observed it only as a slight lag before rolling in the proper 
direction. However, this initial opposite roll acceleration when perceived 
visually and through motion cues in proximity to the ground caused the pilot 
to overcontrol. 
The controls were then connected in a more conventional manner, using 
only the outboard surfaces for lateral control. 
configuration was also unsatisfactory because of an apparently unstable Dutch 
roll mode. In an attempt to find a configuration that would fly, the center 
fin was removed. Although this change was predicted to make the vehicle less 
stable, it appeared to the pilot to solve the problem. This successful flight 
was made in the early morning with no wind. The previous attempts to lift off 
were made on hot summer afternoons, with little regard for thermal heating or 
wind. Because this test demonstrated that the vehicle could be flown without 
the center fin and because one of the initial aims was the removal of this 
fin, the flight-test program was continued without the fin. 
The first attempt to fly this 
Glide Tests 
After the initial car tows, the M2-Fl without the center fin was towed by 
a (2-47 airplane to an altitude of approximately 12,000 feet (3,658 meters) and 
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released. The tests discussed herein were performed during the ensuing free- 
flight and consisted of steady sideslips, rudder-fixed aileron r o l l s ,  aileron 
pulses, and rudder pulses. The elevons were used for lateral control (see 
fig. 3(b)). Data were obtained over an angle-of-attack range from -3" to 13" 
(-0.052 to 0.227 radian) and a velocity range from 77 knots to ll9 knots 
(39.6 to 61.2 meters/second). 
shown in figures 7 to 10. 
and a rudder pulse, respectively, which illustrate the large roll-to-yaw ratios 
obtained. Data from a rudder-fixed aileron roll are presented in figure 9. As 
shown, the roll due to yaw counteracted the roll from the ailerons. The com- 
bination of large dihedral and adverse yaw from the ailerons limits the r o l l  
rates which can be obtained from the ailerons. These effects are again illus- 
trated in figure 10 in the data from a steady-sideslip maneuver in which a 
small rudder input required relatively large aileron inputs to maintain the 
steady sideslip. 
Time histories of some typical maneuvers are 
Figures 7 and 8 show the responses to an aileron 
RESULTS AND DISCUSSION 
Because the test vehicle was unpowered and had a low lift-drag ratio, the 
duration of the flights was necessarily short and the test periods limited. 
Also, the simple, flexible control system used on the vehicle made it nearly 
impossible for the pilot to keep the ailerons fixed. 
of the data, as illustrated in some of the time histories, was relatively poor 
for analysis purposes, and many of the results presented herein are considered 
more qualitative than quantitative. 
Consequently, the quality 
Gust Response 
During early car-tow tests, a disturbing vehicle response to mild wind 
shears and tow-vehicle turbulence was noted. Because of the large dihedral of 
the vehicle, almost imperceptible sideslip angles o r  light turbulence caused 
rapid roll rates. Moderate bank angles were obtained before the pilot could 
successfully counteract the motion. When this motion occurred close to the 
ground, it tended to cause the pilot to overcontrol and induce an oscillation. 
In free-flight the vehicle was even more sensitive to gusts than it was on 
tow, because of the absence of the directional-stability increment provided 
by the towline. 
As the pilot gained experience, he was able to maintain control of the 
vehicle by riding out the initial perturbation, since it was not divergent. 
When the roll rate reached zero, he returned the vehicle to a level attitude. 
Dutch Roll Damping and Frequency 
The pilot's comments after the first successful air tow were generally 
favorable concerning vehicle stability both on and off tow. 
frequency and the damping of the Dutch roll mode to be higher than predicted. 
He reported the 
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The flight data for this mode are shown in figure 11. Although there is con- 
siderable scatter in the data, the results generally confirm the pilot's obser- 
vations. The pilot also reported that, because of the large roll-to-yaw 
ratios, he was not aware of a Dutch roll oscillation but only of the roll. 
Although the damping was low compared to operational fighter-type 
aircraft, the pilot felt that it was adequate for the mission requirements of 
this type of vehicle. 
Steady Sideslips 
The control data obtained from steady-sideslip maneuvers are summarized 
in figure 12. 
agreed with the predictions; however, the aileron deflection required to main- 
tain "wings-level" flight was less tha.n predicted at high angles of attack. As 
a result, the apparent effectiveness of the ailerons relative to that of the 
rudders was greater than predicted. Cz6, 
is larger than predicted, inasmuch as several factors could be causing the 
discrepancy, as shown in the following relationships which were obtained from 
the equations of motion by setting the rolling and yawing velocities and ac- 
celerations to zero 
The required rudder deflection per degree (radian) of sideslip 
This does not necessarily mean that 
Roll-Control Response 
The pilot reported that the roll power which had been predicted to be 
marginal in simulator studies was satisfactory and that the elevons appeared 
to be considerably more effective in r o l l  than predicted. This difference is 
not obvious from a comparison of the simulated and flight responses shown in 
figures 6(b) and 9. Approximately the same control deflections were used in 
both instances, and the maximum r o l l  rates obtained were about the same. 
Another measure of the roll rates obtainable from the ailerons is illus- 
trated in figure 13, which presents the variation with angle of attack of 
obtained from the flight-measured derivatives. For comparison, the pre- 
dieted variation is shown by the dashed curve. This parameter is the steady- 
state transfer function for the control of roll rate with aileron (see 
ref. 10) . 
.(p' 
w6? 
The approximate relationship is 
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The departure from unity of this parameter is an 
between roll and yaw. Values greater than unity 
a tendency for the pilot to induce oscillations. 
indication of the coupling 
indicate "favorable" yaw and 
Values less than unity indi- 
cate adverse yaw and a tendency toward sluggishness in roll. 
in figure 1-3 indicate that the W-F1 is sluggish in roll, as predicted. 
The data shown 
In order to resolve the apparent discrepancy in the data regarding the 
roll effectiveness of the ailerons, the pilot "flew" the simulator with the 
flight-measured derivatives and the flight-vehicle control-system 
characteristics. With the simulator in this configuration, the pilot was 
satisfied that the flight vehicle was adequately represented. 
r o l l  rates could not be developed, the initial accelerations were considered 
satisfactory. Because of the limited operational requirements of this type 
of vehicle, there is probably no necessity for large roll rates. Thus, the 
pilot considered the roll-control system to be satisfactory. 
Although large 
Center Fin 
The center fin was installed in an effort to provide the best possible 
handling qualities for the initial flights. It was subsequently shown to be 
unnecessary, so extensive tests on the center-fin configuration were not con- 
sidered necessary. Before completing the flight program, however, one flight 
was made with the center fin reinstalled in order to resolve the previously 
mentioned discrepancy between the predicted vehicle stability and the pilot's 
earlier observations. Since this flight was made with a car tow, the data are 
limited. The pilot did report an apparent increase in stability, however, 
which confirmed the original predictions. One possible explanation for this 
change in the pilot's report is pilot experience, which is apparently an im- 
portant consideration in evaluating the handling qualities of such an uncon- 
ventional vehicle as the M2-Fl. 
DERIVATIVE ANALYSIS 
Control Derivatives 
The control derivatives were obtained from the initial response to rudder 
and aileron pulses, assuming that the 
than that from the control deflection 
were used 
contributions of all derivatives other 
were negligible. The following equations 
11 
The analog-matching technique ( r e f .  11) w a s  a l s o  used t o  determine these  der iv-  
a t ives .  
shown i n  f igure  14. The r e s u l t s  from these  two methods a r e  shown i n  f i g -  
ures l ? ( a )  and l5(b) where, i n  general ,  good agreement i s  indicated.  The 
r o l l i n g  moment due t o  a i l e r o n  de f l ec t ion  agrees  f a i r l y  wel l  with t h e  wind- 
tunnel  values ( f i g .  l ? ( a ) ) ;  however, t h e  f l i g h t  da t a  show more adverse yawing 
moments due t o  t h e  a i l e rons .  This adverse yawing moment would ind ica te  a more 
severe problem i n  roll than had been predicted.  The rudders a re  somewhat less 
e f f e c t i v e  than predicted;  however, more rudder power than needed i s  ava i lab le ,  
and t h e  p i l o t  d id  not  no t ice  the  d i f fe rence  i n  rudder e f fec t iveness .  
A t y p i c a l  t i m e  h i s t o r y  of an a i l e ron  pulse  with an analog match i s  
Stab i li t y Derivat ives  
The e f f ec t ive  d ihedra l  parameter C z p ,  t he  d i r e c t i o n a l - s t a b i l i t y  
parameter 
t h e  following equations 
Cnp, and t h e  l a t e r a l - f o r c e  parameter w e r e  obtained by using 
The flight-measured con t ro l  de r iva t ives  shown i n  f igu re  15 were used i n  equa- 
6a t i o n s  (1) and ( 2 ) ,  and t h e  r a t i o s  - 
B were obtained from steady 
6r and - 
B 
12 
sideslips. In equation (3) ,  the ratio - was obtained from the controls- 
fixed portion of the pulse data. The preceding parameters were also obtained 
by the analog-matching technique. The results from the two methods did not 
agree, as shown in figure 16. 
ficulty of obtaining reliable stability derivatives from the data obtained in 
these tests. As expected, the agreement between flight and wind-tunnel data 
was also poor. 
B 
This discrepancy generally illustrates the dif- 
Other methods of obtaining these parameters were attempted, without sue- 
cess. One of the more commonly accepted methods of determining CnB is from 
the relationship: 
when N >>ao$ or when a, and $ are known. Because of the relatively 
from 
large magnitude of 
inclination of the principal axis, it was not possible to determine 
the frequency. An attempt was also made to determine the derivatives by using 
a least-squares analysis; however, the scatter in the data was so great that 
the results were meaningless. 
wq2 = Np - ao$. However, this expression can be used only 
B 
and the uncertainty in both C and the angle of 
CnB 
CONCLUDING REMARKS 
By conventional standards for evaluating piloted fighter-type aircraft, 
the lateral-directional handling qualities of the JYP-Fl lifting-body vehicle 
determined from this flight investigation would be considered marginal. The 
vehicle is sluggish in roll and lightly damped in the Dutch r o l l  mode. Al- 
though the r o l l  acceleration is acceptable, the ailerons produce adverse yaw, 
which severely limits the r o l l  rates attainable. The W-Fl was also found to 
be extremely sensitive to rough air, because of the large dihedral effect. 
However, the mission requirements for this type of vehicle do not require high 
maneuverability, and in calm air the pilots considered the lateral-directional 
handling qualities of the vehicle to be adequate. 
Pilot experience was found to be a significant factor in evaluating the 
handling qualities of the M2-Fl. Because it is an unconventional vehicle that 
had not been flown previously, there was some uncertainty about the flying 
qualities during the first flights. As a result, it was not surprising that 
the pilot ratings improved considerably with flight experience. 
Although towing the M2-Fl was an operational problem peculiar to this 
investigation, and will not be a problem associated with future reentry vehi- 
cles, an interesting sidelight was the vehicle's characteristics on tow. 
Unlike most vehicles, which are less stable on tow than in free flight, the 
M.2-Flwas predicted to be and was more stable when being towed. 
Flight Research Center, 
National Aeronautics and Space Administration, 
Edwards, Calif ., July 1, 1965. 
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TABLE I 
PKYSICAL CKARACTERISTICS OF THE W-Fl LIFTING-BODY VEHICLE 
Body - 
Length, f t  ( m )  . . . . . . . . . . . . . . . . . . . . . . .  20 (6.1) 
Planform area,  f t 2  (“2) . . . . . . . . . . . . . . . . . . .  139 (12.9) 
Weight, lb (kg) . . . . . . . . . . . . . . . . . . . . . . .  11-82 (536) Span, f t  ( m )  . . . . . . . . . . . . . . . . . . . . . . . .  9.54 (2.9) 
Elevons - 
Area, ft2 (m2) . . . . . . . . . . . . . . . . . . . . . . .  6.51 (0.6) . . . . . . . . . . . . . . . . . . . . . . . .  2.33 (0.7) Span, f t  ( m )  
Deflection, deg ( r ad )  . . . . . . . . . . . . . . .  -22 (-0.38) t o  9 (0.16) . . . . . . . . . . . . . . . . . . . . .  Root chord, f t ( m )  3.83 (1.2) 
Flaps - 
Area, ft2 (m2)  . . . . . . . . . . . . . . . . . . . . . . .  8.60 (0.8)  
Span, f t  ( m )  4.38 0 . 3 )  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  Chord, f t  ( m )  2.19 (0.7) 
Deflection, deg ( r ad )  . . . . . . . . . . . . .  -19.5 (-0.34) to -5 (-0.09) 
Rudders - 
Area, f t 2  (m2)  . . . . . . . . . . . . . . . . . . . . . . .  5.34 ( 0 . 5 )  
Span, f t  (m) . . . . . . . . . . . . . . . . . . . . . . . .  4-27 (1.3) 
Chord, f t  ( m )  . . . . . . . . . . . . . . . . . . . . . . . .  1.25 (0.4) 
Deflection, deg ( r ad )  . . . . . . . . . . . . . . . . . . . .  k4.5 (k0.08) 
Moments of i n e r t i a  (ca lcu la ted  f o r  840-lb vehicle  (381 k g ) )  - 
Ix, s lug- f t2  ( kg-m2) . . . . . . . . . . . . . . . . . . . .  200 (890) 
Iy,  s lug- f t2  ( k g - 2 )  . . . . . . . . . . . . . . . . . . . .  868 (3861) 
IZ, s lug- f t2  (kg-mp) . . . . . . . . . . . . . . . . . . . .  920 (4092) 
Ixz, s1ug-ft2 (kg-m2) . . . . . . . . . . . . . . . . . . . .  0 ( 0 )  
Moments of i n e r t i a  (es t imated f o r  1182-ib vehicle  (536 kg))  - 
IX, s lug- f t2  (kg-m2) . . . . . . . . . . . . . . . . . . . .  225 (1001) 
I ~ ,  s 1 u g - d  ( k g - 2 )  . . . . . . . . . . . . . . . . . . . .  1125 (5004) 
IXZ, slug-ft* (kg-mp) . . . . . . . . . . . . . . . . . . . .  -25 (-111) 
Iy, slug-ft2 ( k g - m 2 )  . . . . . . . . . . . . . . . . . . . .  1100 (4893) 
(0.227 rad) Rudder 
L-22.167 (6.756 m) ft LTE'evon 
Figure 1.- Three-view drawing of M2-Fl. 
ECN-SO7 
Figure 2.- Photograph of M2-Fl. 
(a )  Both outboard and t ra i l ing-edge  surfaces  used f o r  l a te ra l  cont ro l .  
(b )  Outboard surfaces  only used f o r  l a t e r a l  cont ro l .  
( e )  Rudders used for l a te ra l  cont ro l .  
Figure 3.- Schematic drawings of t h ree  proposed l a t e r a l - c o n t r o l  systems. 
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(a) Aileron derivatives. 
Figure 4.- Comparison of full-scale tunnel data with small-scale tunnel 
data for the M2-Fl configuration. 
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(b) Rudder derivatives. 
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(c) Lateral-directional-stability derivatives. 
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Figure 4 .- Concluded. 
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( c )  Rudders used for 
l a t e r a l  cont ro l .  
Figure 6.- Time histories of three lateral-control step inputs obtained 
from the simulator. a = 0'; 
= 31.5 lb/ft2 (1508 N/m2). 
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Figure 7.- Time history of an aileron pulse. a = 2" (0.035 rad); 
V = 95 knots (49 meters/second); S = 30.2 lb/ft2 (1446 N/m2). 
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Figure 8.- Time history of a rudder pulse. a = 2" (0.035 rad);  
V = 95 knots (49 meters/second); Fl = 30.2 lb/ft2 (1446 N/m2). 
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Figure 9.- Time history of a rudder-fixed aileron roll. a 2 O  
(0.035 rad); 
(1446 N/m2). 
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Figure 10.- Time history of a steady-state sideslip. a = 12’ (0.210 rad) ; 
V = 80 knots (41 meters/second) ; S = i7.3 lb/ft2 (828 N/m2) . 
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Figure 11.- Variation of period and damping r a t i o  of M2-Fl with airspeed.  
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Figure 12.- Variation of static lateral-stability parameters with angle 
of attack as determined from steady sideslips. 
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Figure 13.- Variat ion with angle of a t t a c k  of roll numerator t o  Dutch 
roll frequency r a t i o .  
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Figure 14.- Typical time history of an aileron pulse with an analog match. 
CY, = 7" (0.130 rad); V = 89 knots (46 meters/second); S = 27 lb/ft2 
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(a) Aileron derivatives. 
Figure 15.- Variation of lateral-control derivatives with angle of attack. 
32 
a, rad I 
- .1 0 .1 .2 .3 
I I I I 1 
- 
* ? I  
Wind tunnel (full scale) 
0 Analog matching 
0 Measured from flight data 



















I I I I I 
0 4 8 12 16 
a ,  deg 
0 
(b) Rudder derivatives. 
Figure 15.- Concluded. 
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Figure 16.- Variation of lateral-directional-stability derivatives 
with angle of attack. 
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